This study has found that the Z-contrast of aberration-corrected high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) images of solute enriched layers in Mg-TM-RE (TM:Zn, RE:Y, Gd) alloys is sensitive to the imaging conditions: the defocus and the focal depth. Consequently, the depth position of solute enriched layers in the projected direction shows strong effect on the Z-contrast around each layer. The blurring of the Z-contrast is preferentially observed in both sides region along (0001) Mg basal planes. The boundary position between HCP-and FCC-type stacking sequence at edge regions does not change by defocus. The permissible defocus amount is comparable to the focal depth. The aberration-corrected HAADF-STEM has short focal depth less than 10 nm, so that it is critical for interpreting image contrast that the thin foil thickness and the depth position of the nano-size structure such as the solute enriched layers. In turn, it can be presumed, by the blurring of the Z-contrast, that the depth position of the solute enriched layers in the projected direction. Thus, the focal depth of aberration-corrected HAADF-STEM is quite sensitive to the depth position of solute enriched layers in the thin foil of specimens and the defocus of the electron probe, so that the imaging condition of aberration-corrected HAADF-STEM is critical in order to interpret correctly the Z-contrast of the images.
Introduction
Magnesium alloys show attractive properties as nextgeneration lightweight structural materials, such as chassis and parts of mobile devices, vehicles and airplanes. In the current century, it has found that a novel structure, so-called "synchronized long period stacking ordered structure (LPSO)" in Mg-TM-RE (TM: transition metals, RE: rare earth metals) alloy systems that show excellent mechanical properties in comparison with the conventional Mg alloys and Al alloys such as duralmin. 13) To date, the structure and the morphology of LPSO have been clarified in atomic scale in the early studies mainly by Z-contrast imaging using high-angle annular dark fieldscanning transmission electron microscopy (HAADF-STEM). 410) 9,10) Based on the diffuse scattering pattern in the electron diffraction patterns, they concluded that L1 2 -type clusters align in inplane short range order. We have already elucidated that the transformation and the growth mechanism of LPSO polytypes in atomic scale, and that local strain field accompanied with LPSO and solute enriched layers.
1113)
Recently, an aberration-corrected STEM is attracted technique for improving the quality of HAADF-STEM images and the related microanalyses, such as an energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS), owing to much sharp and brilliant electron probe. However, an aberration-corrected STEM uses a highly convergent electron probe, which strongly affects the length of the electron channeling along an atomic column. Then, it should be critical that the interpretation of the image contrast around a nano-scale structure like solute enriched layers in LPSO alloys.
In the present study, it has been considered that the effect of the defocus and the focal length of the aberration-corrected HAADF-STEM on the Z-contrast of solute enriched layers that is an elementary structure of LPSO predominantly in MgZn 1 Gd 2 alloys.
Experimental Procedures
The Mg 97 Zn 1 Gd 2 and Mg 97 Zn 1 Y 2 (at%) alloy ingots were prepared using a high-frequency induction casting method in an argon atmosphere. These compositions were just nominal ones, and the average composition measured by the inductively coupled plasma-optical emission spectroscopy (ICP-OES) (ICPS-8100, Shimadzu) was much the same value. As-prepared ingots of Mg 97 Zn 1 Gd 2 alloys were aged at 553 K during the times within 3.6 ksec in argon atmosphere without any solution treatment at higher temperature and then quenched in ice water in order to precipitate the solute enriched layers. As-prepared ingots of Mg 97 Zn 1 Y 2 alloys were also aged at 933 K for 3.6 ksec in argon atmosphere followed by quenched in ice water in order to prepare the smaller solute enriched layers rather than that of Mg 97 Zn 1 Gd 2 alloys.
The structural analysis was conducted using an aberrationcorrected scanning transmission electron microscope (STEM) (JEM-ARM200F Cold FEG, 200 kV, JEOL). The estimated convergent semi-angle ¡ used for high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) was 13, 20, 27 mrad in order to vary the focal depth. The estimated collection semi-angle ¢ range of HAADF-STEM was set to 90175 mrad. Selected area electron diffraction (SAED) patterns were obtained using the same microscope. The thin foils of the alloys for the structural analysis were prepared using mechanical polishing followed by low-energy ion milling from 5 kV to 200 V (PIPS model1691, Gatan). The HAADF-STEM images were filtered using the local 2D-Wiener filtering to improve the image quality without periodic artifacts (Filter Pro, HREM Research). 14, 15) The thickness of the thin foils were estimated using the low-loss spectra of the electron energy loss spectroscopy (EELS) equipped with above the STEM (Enfinium ER, model 977, Gatan). The estimated thickness t of the thin foil was about 100 nm using the low-loss spectra of EELS by the log-ratio method using the next eq. (1):
where is the mean free path of the inelastic scattering, I t the integrated intensity of the low-loss region, and I 0 that of zeroloss peak. 16) The can be estimated approximately using next eqs. (2):
where E 0 is the kinetic energy of an electron 200 keV, ¢ the collection semi-angle 12.5 mrad, F the relativistic factor, f i the atomic fraction of each element of atomic number Z i .
16)

Results and Discussion
Z-contrast of the solute enriched layers
First, the observed shape of the solute enriched layers is investigated under the HAADF-STEM conditions of ¡ = 27 mrad. Figure 1 shows a HAADF-STEM image of Mg 97 Zn 1 Y 2 alloy with a SAED pattern including the area observing from ½2 1 10 Mg direction. This alloy was used in order to form the relatively small solute enriched layers. The line shape Z-contrast appears in the image. These contrast corresponds to solute enriched layers with FCC-type stacking sequence from the early studies. 6, 17) The SAED pattern indicates that the clearly appeared streaks around the basic reflections correspond to high density of planar defects, i.e. solute enriched layers. The length is distributing between a several tens to 100 nm. The lines No. 1, 2, and 3 show blurred Z-contrast in full width, while No. 4 and 5 show blurred Zcontrast partly. The difference of the Z-contrast can be ascribed to the difference of the defocus of the convergent electron beam, as we will describe later. Figure 2 is an atomic-resolution HAADF-STEM image observed from ½2 1 10 Mg direction with a line profile of Mg 97 Zn 1 Gd 2 alloys under the condition of ¡ = 27 mrad. The image shows that all of these line shape Z-contrast corresponds to solute enriched layers with FCC-type ABCA stacking sequence. However, the Z-contrast around each solute enriched layer seems different. The intensity of background is high and the signal/background (S/B) ratio of solute enriched layers are low in the region 1; The intensity of background is high and the S/B ratio of solute enriched layers are high in the region 2; The intensity of background is low and the S/B ratio of solute enriched layers are also low in the region 3. The region 1 corresponds to the broad Z-contrast in Fig. 1 . These results infer that there are two factors that affect the Z-contrast of solute enriched layers and of background around them.
3.2 The effect of the defocus on Z-contrast of the solute enriched layers In this section, it is investigated that the effect of the defocus on Z-contrast of the solute enriched layers in order to consider the S/B ratio of solute enriched layers against the surrounding background in Figs. 1, 2 . projected from ½2 1 10 Mg direction under the condition that ¡ = 27 mrad. The defocus range is from 0 nm (just focus) to ¹20 nm by ¹5 nm step. The just focus cannnot be decided technically, so that it was decided in this study as the focus where atomic resolution images can be resolved most clearly for descriptive purposes. The estimated thickness of the thin foil was about 100 nm using the low-loss spectra of EELS by the log-ratio method by the eq. (1) in the section 2. Therefore, the defocus range and the focal depth in this study are shorter than the thin foil thickness. Z-contrast of the 2 layers clearly reflects the atomic-scale structure until the defocus of ¹10 nm. It is not recognized that the blurring of the background contrast around the solute enriched layers. These results infer that the defocus simply affects the sharpness of the solute enriched layers.
Here, focused on the edge structure of the left layer in each images. The dotted lines in images show the boundary of the stacking sequence change from FCC to HCP. Figure 3 reveals that the edge structure and the boundary position do not change by the defocus. Figure 4 shows a HAADF-STEM image obtained from the direction largely tilted from ½2 1 10 Mg . This image clearly indicates the edge shape of solute enriched layers with an acute angle such as a utility knife. This edge structure was also observed using 3D-electorn beam tomography. 18) The focal depth of the convergent electron beam in HAADF-STEM is described by the next equation:
where is the wave length of the incident electron beam, 2.51 pm, and ¡ the convergent semi-angle of the incident electron beam, 27 mrad. 1921) This equation shows that the focal depth is inversely proposed to the square of the numerical number of optics. Using the eq. (3), the focal depth estimates at 6 nm under the given condition. This value well consists with the fact that the solute enriched layers in Fig. 3 are clearly imaged in an atomic resolution until the defocus ¹5 nm, while they become blurred under the defocus less than ¹10 nm. In particular, the atomic resolution image cannot be obtained under the defocus less than ¹15 nm any longer. This result claims that the correct imaging of Z-contrast is restricted to the defocus value comparable with the focal depth of the incident electron beam, and infers that the channeling length of the electron beam is shorter than thin foil thickness. Then, the relationship between the incident electron beam and the edge structure in Fig. 3 should be in the schematic model in Fig. 4(b) ; the edge region of the solute solute enriched layer locates at the incident surface side. The electron beam principally channels in the solute enriched layer when it is focused on the surface region. It channels in the ¡-Mg matrix region and dechannels in the solute enriched layer when it is focused on the region away from the surface, which leads to the blurred tail of contrast around the solute enriched layer.
3.3
The effect of the focal depth on Z-contrast of the solute enriched layers In this section, the effect of the focal depth on the Z-contrast of the solute enriched layers and the surrounding background in the matrix under the fixed focus near just focus, which means that an atomic resolution image seems most clearly in a trough focus series under the given convergent semi-angle ¡.
First, it is considered that the effect of the focal depth across the solute enriched layers, i.e.
[0001] Mg direction. 410) On the other hand, Fig. 5(e) shows the blurred intensity profiles of the solute enriched layers depending on the conditions. The larger ¡ results in much blurred intensity profile. The peak intensity of the center two layers of the solute enriched layers are buried in the background intensity under the condition that ¡ is larger than 20 mrad, while the intensity profiles of the solute enriched layers are clearly revealed under the condition ¡ = 13 mrad. This result shows that the shorter focal depth gives defocused and broad contrast of solute enriched layers, while the longer focal depth gives relatively sharp contrast of solute enriched layers. This behavior infers that the solute enriched layer buried under the ¡-Mg matrix. The result infers that the structure near the thin foil surface region is clearly imaged, however, the structure below the depth position of the focal depth is defocused and forms image background. Now, what is the reason for the difference of the focal depth dependence on the intensity profiles? We consider the effect of the convergent semi-angle ¡ on the focal depth according to the eq. (3). Figure 6 depicts (a) the relationship between the focal depth and the convergent semi-angle and (b) the schematic image of the focal depth difference in the thin foils for STEM imaging. The convergent semi-angle ¡ used in this study corresponds to the focal depth of 6 nm (27 mrad), 10 nm (20 mrad), and 25 nm (13 mrad). The focal spread of the used STEM by chromatic aberration is estimated about 2 nm, which can be ignored for considering the effect of the focal depth on our HAADF-STEM experiments. Usually, the ¡ = 10 mrad is adopted in conventional STEM without the aberration correction, which results in the focal depth of 45 nm. Figure 6 (a) clearly shows that the focal length steeply varies around ¡ = 10 mrad. Thus, the focal depth increases rapidly under the small ¡ less than 20 mrad. These difference affects on the effective channeling length in the thin foil as shown in the schematic image Fig. 6(b) , because it become easy that the incident electrons escape from the initial atomic column to the neighbor atomic columns under the larger ¡. Figures 5(a)(c) were taken under the just focus, which means that the electron beam focused on the incident surface of the thin foils. Then, the structure near the surface is preferentially reflected in the Zcontrast, while the bottom region in the thin foils is defocused owing to the dechanneling of the electron beam. Based on the consideration, the depth information of the solute enriched layers qualitatively. The solute enriched layer with sharp intensity profile on AB locates on the surface region of the thin foil less than 6 nm and continues down to the middle or bottom regions, while that with blurred intensity profile on CD locates on the middle or bottom regions.
Finally, it is considered that the effect of the focal depth on the intensity profile at the edge of a solute enriched layer. This result shows that the larger ¡ leads to the blurred contrast just around the edge region, which means that the edge region elongates not along the thin foil surface but into the internal of the foil.
Concluding these results, the effect of the focal depth and the depth position in the thin foil on Z-contrast around solute enriched layers in Fig. 8 . This figure shows schematic images of the blurring of the Z-contrast around solute enriched layers: (a) the layers elongated along the foil surface, and (b) the layers elongated into the foil internal region. The blurring of the Z-contrast is ignorable in the layers elongated along the foil surface shown in Fig. 8(a) , while it is predominant in the layers elongated into the foil internal region shown in Fig. 8(b) . Thus, Z-contrast of the edge structure of solute enriched layers located along the foil surface can be interpreted intuitively. However, in general, the imaging condition, the nanostructure in the specimen foils, and the defocus of the electron beam should be well considered in order to interpret correctly the Z-contrast of the images.
Conclusions
This study has investigated that the effect of the defocus and the focal depth of the aberration-corrected HAADF-STEM on the Z-contrast of the solute enriched layers in MgZn 1 Y 2 , MgZn 1 Gd 2 alloys, in order to consider the contrast around the layers.
(1) Z-contrast of HAADF-STEM images of the solute enriched layers and the matrix around them is strongly affected on the depth position of the solute enriched layers, the focal depth, and the defocus of the incident electron beam. (2) The permissible defocus amount for the atomicresolution HAADF-STEM imaging is comparable to the effect of the focal depth. (3) If solute enriched layers locate along the foil surface, the blurring of the Z-contrast is preferentially observed in both sides region along the basal planes, while it is hardly observed out of the front edge. The boundary position between HCP-and FCC-type stacking sequence does not change with defocus. (4) The aberration-corrected HAADF-STEM has short focal depth less than 10 nm under the usually adopted imaging condition, so that it is critical that the thin foil thickness and the depth position of the solute enriched layers. In turn, it can be presumed, by the blurring of the Z-contrast, that the depth position of the solute enriched layers. (5) Thus, Z-contrast of the edge structure of solute enriched layers located along the foil surface can be interpreted intuitively, however, the imaging condition, solute enriched layers in the thin foils, and the defocus of the electron beam should be well considered in order to interpret correctly the Z-contrast around the solute enriched layers.
